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ABSTRACT
Seasonal ﬂuctuation in environmental parameters can inﬂu-
ence immune responses of vertebrates and consequently in-
ﬂuence their health and disease resistance. Although sea-
sonality of immune function is well documented in a broad
range of vertebrate taxa, this information remains virtually
unexplored in cartilaginous ﬁsh. Here we examine seasonal
variation in immune and general-health parameters of free-
living adult broadnose sevengill sharks, Notorynchus cepe-
dianus, along an annual cycle. We sampled sharks during
autumn/winter (i.e., coolest temperatures and nonreproduc-
tive period) and spring/summer (i.e., warmest temperatures
and active reproductive period) and assessed aspects of im-
munity, general condition, and reproductive hormone levels.
A seasonal inﬂuence was observed in some, but not all, pa-
rameters evaluated. Lower lymphocyte counts and higher het-
erophil counts and granulocyte to lymphocyte (G∶L) ratios were
observed in sharks sampled during autumn/winter than in those
sampled during spring/summer. On the other hand, total leu-
kocyte counts, eosinophil counts, bacterial agglutination medi-
atedbynatural antibodies, andhematocrit didnot vary seasonally.
The observed seasonal patterns could be explained as (1) greater
levels of stress based on the G∶L ratio, (2) a sign of immuno-
suppression or depressed immune investment based on the low
lymphocyte counts, and/or (3) a sign of ongoing infection based
on the higher heterophil counts in the colder seasons with respect
to the warmer ones. In addition, the pattern is in line with the
notion that while acquired components are usually depressed by
lower temperatures, some innate components might increase to
offset that reduction. Immune and health-state parameters were
mostly independent of reproductive hormone levels, providing
little support for a trade-off with reproduction. Overall, the ob-
served seasonalpattern in immunityof broadnose sevengill sharks
could be related to changes in abiotic environmental condition,
such as water temperature and photoperiod, although other fac-
tors such as availability of high-quality food may play a part.
Keywords: ecoimmunology, ecophysiology, elasmobranchs,
steroid hormones, seasonal changes, Patagonia.
Introduction
Seasonal ﬂuctuations in environmental parameters cause or-
ganisms to continuously adjust physiological and morpho-
logical characteristics to cope with different challenges during
the annual cycle (Martin et al. 2008). These environmental
inﬂuences are likely to be most prominent in species that live in
highly seasonal locations, such as those common in temperate
latitudes (Nelson et al. 2002). Seasonal changes in both abiotic
(e.g., temperature, photoperiod, precipitation) and biotic (e.g.,
food availability, predation risk, parasite pressure) factors can
result in seasonal patterns of energy and resource allocation,
with changes in activity patterns, food intake, and body con-
dition of individuals (Bowden et al. 2008; Martin et al. 2008).
Given that immune defense is costly and generally dependent
on body condition (Lochmiller and Deerenberg 2000; Lee 2006),
seasonality can also modulate the immune responses of verte-
brates and consequently modulate their health and disease re-
sistance (Zapata et al. 1992; Nelson and Demas 1996; Bowden
et al. 2007).
The vertebrate immune system is a network of many inter-
acting cells, tissues, and soluble factors that collectively protect
the body against disease. Broadly, the immune system com-
prises two main arms. The nonspeciﬁc innate arm constitutes
the ﬁrst line of defense and does not need prior exposure to
antigens to respond. The more speciﬁc acquired arm is slower
and requires prior exposure to mount a full response but
provides immunological memory (Roitt et al. 1998). Both arms
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are composed of cellular and humoral components, some of
which can be produced constitutively while others are pro-
duced or proliferate only in response to a challenge.
From an ecoimmunological point of view, variation in
immune activity over the annual cycle is likely related to the
relative costs and beneﬁts of immune defense in different
contexts and the consequent trade-offs animals may face be-
tween investing more in immune function versus other ex-
pensive processes such as growth or reproduction (Sheldon
and Verhulst 1996; Lochmiller and Deerenberg 2000; Norris
and Evans 2000). Reduced immune functions are commonly
documented during reproductive events (Sheldon and Ver-
hulst 1996; Lee 2006). This trade-off, proposed to result from
resource reallocation from costly immune defenses to repro-
duction, might be mediated by reproductive hormones (Shel-
don and Verhulst 1996; Martin et al. 2008). In the same way,
depressed immune functions have been documented during
other energetically demanding seasons. For instance, low ambient
temperatures and decreased food availability during winter can
induce immune depression relative to less demanding seasons
(e.g., summer; Zapata et al. 1992; Bowden et al. 2008).
Seasonal changes in aspects of both innate and acquired
immunity have been well documented in a broad range of
vertebrate taxa: mammals (e.g., Lochmiller et al. 1994; Yellon
et al. 1999), birds (e.g., Gonzalez et al. 1999; Owen-Ashley and
Wingﬁeld 2006), amphibians (e.g., Miodonski et al. 1996;
Raffel et al. 2006; Madelaire et al. 2017), reptiles (e.g., El Ridi
et al. 1981; Zimmermman et al. 2010), and teleost ﬁsh (e.g.,
Kumari et al. 2006; Bowden et al. 2007; Pascoli et al. 2011).
General patterns across taxa are nevertheless elusive. Seasonal
variation in immunity is complex and likely depends on the
speciﬁc immune parameters measured and a combination of
diverse factors such as latitude, life-history strategy, and disease
threat, to name a few. Interestingly, although many aspects of
the immune system of cartilaginous ﬁsh (Chondrichthyans:
sharks, skates, rays, and chimaeras) have been thoroughly de-
scribed (Luer et al. 2004; Arnold 2005; Lutton and Callard 2008;
Crouch 2013), the question of whether and how immunity
seasonally varies remains almost unexplored in this vertebrate
group.
In this context, the goal of our study was to examine sea-
sonal variation in immune and general-health parameters of
free-living adult sharks and its possible relation to reproduc-
tion by looking into hormone levels. We studied the broadnose
sevengill shark, Notorynchus cepedianus (Péron, 1807), family
Hexanchidae, a species showing broad distribution worldwide
that includes high-latitude locations. This viviparous shark
reproduces during the warmer months and becomes repro-
ductively inactive during the colder months. We sampled
sharks during one annual cycle in a south temperate location
showing pronounced seasonality. We assessed several immune
and general-health parameters and measured reproductive
hormone levels. As in most ecoimmunological studies of free-
living animals, the selection of immune and general-health
parameters was a compromise between interpretability and
feasibility of measurement in nonmodel organisms in their
natural environment. Thus, we focused on measures that could
be obtained with a single blood sample (i.e., did not require
recapture) and that were not dependent on species-speciﬁc
reagents.
The leukocyte proﬁle provides insights regarding the major
cellular effectors of the immune system (Beldoménico et al.
2008) and was assessed by estimation of the total leukocyte
count (or total white blood cell count [WBC]) and of the different
leukocyte types, including those involved in innate (e.g., neu-
trophils, monocytes, heterophils, eosinophils) and acquired (i.e.,
lymphocytes) immunity. Bacterial agglutination ability is medi-
ated by plasma agglutinins such as natural antibodies and lectins.
Natural antibodies can recognize a broad array of pathogens (e.g.,
bacteria, viruses) and are involved in early resistance against
infection, constituting an important nexus between innate and
acquired immune responses (reviewed by Ochsenbein and
Zinkernagel 2000). Hematocrit constitutes a physiological index
of condition and provides an estimate of aerobic capacity (Bir-
chard 1997), whereas elevated granulocyte to lymphocyte (G∶L)
ratios are considered a reliable index of physiological stress in
cartilaginous ﬁsh (Van Rijn and Reina 2010). Finally, we mea-
sured the circulating concentrations of plasma reproductive
hormones, 17b-estradiol (E2), progesterone (P4), and testoster-
one (T) in both male and female sharks (Awruch 2013).
Methods
This study was conducted in Punta Bajo (427S, 637W) inside
Caleta Valdés, a narrow and long bay where water temper-
ature ﬂuctuates seasonally between 107C in August (Southern
Hemisphere winter) and 197C in January (Southern Hemi-
sphere summer). Caleta Valdés is located in Península Valdés
(Chubut, Patagonia, Argentina), a United Nations Educa-
tional, Scientiﬁc, and Cultural Organization Natural World
Heritage Site categorized as a Managed Resource Protected
Area according to the classiﬁcation of conservation units by
the International Union for Conservation of Nature (IUCN
2018).
Broadnose sevengill sharks were caught by longline and rod
and reel during ﬁve daily sampling trips that were conducted
between March 2016 and January 2017 (table 1). Longline soak
times (i.e., the time period that the line is ﬁshing) ranged from
30 to 120 min (average: 73 min). Rod and reel ﬁshing was
conducted from shore, and ﬁght time ranged from 1 to 12 min.
In all cases, sharks were gently placed on shore and rolled into
the ventral position to allow for entering tonic immobility.
During handling, seawater was pumped directly into the mouth
cavity via a soft silicone bit piece supplied by a pump. Blood
samples (5 mL) were drawn by venipuncture using heparinized,
sterile plastic syringes ﬁtted with 14-gauge needles within 10 min
of capture. One drop of blood was immediately used to prepare a
thin blood smear for leukocyte counts, and a microcapillary tube
was ﬁlled for hematocrit measurement. The remaining blood
was transferred to a sterile tube and kept on ice for 4–10 h until
arrival at the laboratory, where plasma was separated by cen-
trifugation (1,000 g) and stored at 2207C until further analysis.
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Total body length (TL, in cm) and sex were recorded for each
shark; the shark was then released back into the water. Only data
for adult broadnose sevengill sharks (np 70) were included in
this study. Females with 1190 cm TL and males with 1175 cm
TL were considered adults based on reproductive hormone data
(Irigoyen et al. 2018). Juvenile individuals were few (np 13)
and were not considered further in this study; however, their
immunological and health-related parameters and reproductive
hormone levels are reported in appendix table A1 for future
reference.
Immunological Measurements
Leukocyte Proﬁle. Thin blood smears were air-dried, ﬁxed with
ethanol for 3 min, and stained with Tinción 15 (Biopur). Smears
were examined with a light microscope to estimate total WBC
by counting all leukocytes in 10 consecutive #400 monolayer
ﬁelds. Differential WBC (i.e., lymphocytes, eosinophils, hetero-
phils, neutrophils, and monocytes) was assessed by classifying
the ﬁrst 200 leukocytes encountered under #1,000 magniﬁca-
tion as described by Sueiro and Palacios (2016). Because there
was no available description of the white blood cells for No-
torynchus cepedianus, we identiﬁed the different cell types on
the basis of morphology following published leukocyte de-
scriptions for other shark species (Arnold 2005; Campbell and
Ellis 2007). Total counts for each type of leukocyte were cal-
culated as the product of the respective proportion by the total
WBC.
Bacterial Agglutination by Plasma. Bacterial agglutination was
determined using a plate agglutination technique previously
described for teleost ﬁsh species (Sahoo et al. 2008; Sueiro and
Palacios 2016) that we adapted for use in N. cepedianus. Brieﬂy,
bacteria (Escherichia coli–ATCC 8739) were grown in sterile
tryptic soy broth and then ﬁxed in 1% formalin overnight at
47C. Fixed bacteria were washed three times with phosphate-
buffered saline (PBS) and adjusted to a concentration of ap-
proximately 1# 109 bacteria/mL. Plasma samples (20 mL) were
added to the ﬁrst column of a 96-well plate and serially twofold
diluted along the rows with PBS. A negative control (PBS
instead of plasma) was included in each plate, and then 20 mL of
ﬁxed bacteria were added to all wells. Plates were vortexed and
incubated at ambient temperature overnight. Samples were run
in duplicate, and agglutination titers were determined as 2log2
of the highest dilution showing bacterial agglutination.
Health-Related Parameters
Hematocrit (i.e., the proportion of red blood cells in whole
blood) was determined after centrifuging whole blood in hepa-
rinized glass capillary tubes for 5 min. The proportions of
granulocytes (neutrophils plus heterophils) and of lymphocytes
obtained through the differential count were used to calculate
the G∶L ratio for each individual. Eosinophils, the third type of
granulocyte, arenot included in theG∶Lratio (VanRijn andReina
2010).
Reproductive Hormone Measurements
Plasma levels of E2, P4, and T were measured in both sexes by
radioimmunoassay following Awruch et al. (2014). Brieﬂy,
testosterone antiserum was reconstituted by diluting 1∶10 in
PBS containing 0.1% gelatin and 0.01% thiomersal. Proges-
terone and E2 antisera were reconstituted by adding 5 mL of
Tris buffer (pH 8; 0.1 m HCl). Tritiated T, E2, and P4 (50 mL
each) were diluted in 5 mL of 100% ethanol and kept as
separate stocks for the assay. Plasma samples (200 mL) were
extracted twice with ethyl acetate (1 mL). Samples were evap-
orated and then reconstituted in PBS. Each sample (100mL)was
analyzed in duplicate and compared to the corresponding
standard curve.
Statistical Analyses
Before analysis, data for both the winter and autumn sam-
plings and the summer and spring samplings were pooled to
increase sample sizes, given that these were rather low in the
autumn and winter months. This pooling was based on data
on reproductive cycle and relative water temperatures: au-
tumn/winter (nonreproductive period and lower water tem-
perature) and spring/summer (active reproductive period and
higher water temperature; see table 1). Based on mating scars
and previous information on the reproductive biology of the
species (Ebert 1989, 1996; Lucifora et al. 2005; Awruch et al.
Table 1: Date, corresponding season, mean water temperature, and sample size of adult broadnose
sevengill sharks in each of the ﬁve sampling trips carried out during the study
Date of sampling Season T (7C)
No. sharks sampled
Females Males
March 12, 2016 Summer 16.5 7 1
May 11, 2016 Autumn 12.5 4 7
August 11, 2016 Winter 10 4 1
November 5, 2016 Spring 15 13 8
December 6, 2016 Spring 17 15 4
January 31, 2017 Summer 19 6 0
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2014), both sexes are considered reproductively active in
warmer months, when mating takes place. In addition, we
determined that despite the differences in capture time of
sharks using the two different ﬁshing gears (i.e., longline vs. rod
and reel), physiological parameters were not affected by type
of gear (Mann-Whitney tests, U p 12 141:5; all P > 0:05).
Immune and health-related parameters were examined
using general linear models (GLMs) that included the ﬁxed
effect of season (spring/summer and autumn/winter), sex,
their possible interaction, and TL as a covariable to control for
individual size. On the other hand, reproductive hormone
levels were examined separately for each sex using GLMs that
included the ﬁxed effect of season (spring/summer and au-
tumn/winter) and TL as a covariable. Model residuals were
examined for normality. Total WBC, total lymphocytes, bac-
terial agglutination titer, hematocrit, and the three repro-
ductive hormones (T, E2, and P4) met the assumptions for
parametric tests. Total heterophils, total eosinophils, and G∶L
ratio were arcsine–square root transformed before analysis.
Monocytes and neutrophils were not included in the analyses
given their high proportions of zeros.
To assess the potential associations of immune and general-
health parameters with reproductive hormone levels at the
individual level, we used correlations for females and males
separately. Taking into account the GLM results, the following
considerations were followed: immune and general-health
parameters were analyzed separately by season in those cases
where season was a signiﬁcant effect; otherwise, data for both
seasons were pooled and analyzed together. Likewise, in cases
where total length was a signiﬁcant covariate in the GLMs,
partial correlations controlling for total length were used. Sample
sizes differ among variables because not all measurements could
be obtained for some individuals. The P values below 0.05 were
considered signiﬁcant in all analyses. Statistical testing was per-
formed using the software SPSS 15.0.
Results
Descriptive statistics for immunological and health-related
parameters and reproductive hormone levels of adult broad-
nose sevengill sharks sampled during autumn/winter and
spring/summer seasons are summarized in table 2.
Immunological Parameters
Total WBC did not vary signiﬁcantly between autumn/winter
and spring/summer seasons but differed between sexes, with
female sharks having higher counts than males. In addition,
there was a signiﬁcant negative effect of TL on total WBC
(table 3; ﬁg. 1A, 1B).
Lymphocytes were the most common white blood cells of
broadnose sevengill sharks, followed by eosinophils and het-
erophils. Monocytes and neutrophils, although present, were
in very low numbers (table 2). Basophils were not detected in
any sample. Differential leukocyte counts showed seasonal
variation for total lymphocyte and heterophil numbers but not
for total eosinophil numbers. Lymphocyte counts were higher
and heterophils lower during spring/summer than winter/au-
tumn (table 3; ﬁg. 1C–1E). Besides, lymphocyte counts varied
between sexes, being higher in females than in males, and were
negatively affected by TL. Sex andTL did not explain signiﬁcant
variation in heterophil counts, and the same was observed for
eosinophil counts except that these were positively affected by
total body length, nor was there a signiﬁcant interaction be-
tween sex and season in any of the leukocyte parameters. None
of the factors/covariates of interest explained signiﬁcant variation
in bacterial agglutination titers (table 3; ﬁg. 1F).
Health-Related Parameters
Hematocrit did not vary signiﬁcantly with season, whereas
the G∶L ratio was higher during autumn/winter than spring/
summer. Sex, the interaction between sex and season, and TL
didnot explain signiﬁcant variation in either parameter (table 3;
ﬁg. 1F, 1G).
Reproductive Hormones
The analyses of reproductive hormones in males showed no
changes in P4 levels with season, E2 levels were slightly higher in
spring/summer than in autumn/winter, and T levels followed
the same trend as E2 but did not reach statistical signiﬁcance.
TL did not explain signiﬁcant variation in male reproductive
hormone levels (table 4; ﬁg. 2). Female reproductive hormone
levels did not vary signiﬁcantly between seasons or with TL
(table 4; ﬁg. 2).
Correlations between Immune and Health-Related Parameters
and Reproductive Hormones
Only three statistically signiﬁcant correlations were found
between immune and health-related parameters and repro-
ductive hormone levels in sharks. For males, T levels corre-
lated positively with total WBC when controlling for total
length (partial correlation r p 0:558; Pp 0:032; np 15),
and P4 levels correlated positively with the G∶L ratio in the
autumn/winter season (Pearson r p 0:898;P p 0:006;np 7).
For females, only a negative correlation between T levels and
lymphocyte counts was found during the spring/summer
season after controlling for TL (partial correlation r p 20:423;
Pp 0:02; np 31).
Discussion
The leukocyte proﬁle and the G∶L ratio (an index of stress
derived from leukocyte counts) were dependent on seasonality
in adult female and male broadnose sevengill sharks. Indi-
viduals sampled during the autumn/winter season (i.e., non-
reproductive period and lower water temperatures) showed a
lower number of lymphocytes and a higher number of het-
erophils compared to those sampled during the spring/sum-
mer season (i.e., active reproductive period and higher water
Immunity and Seasonality in Wild Sharks 27
T
ab
le
2:
D
es
cr
ip
ti
ve
st
at
is
ti
cs
of
to
ta
lb
od
y
le
n
gt
h,
im
m
un
ol
og
ic
al
an
d
he
al
th
-s
ta
te
pa
ra
m
et
er
s,
an
d
re
pr
od
uc
ti
ve
ho
rm
on
e
le
ve
ls
m
ea
su
re
d
in
ad
ul
tb
ro
ad
n
os
e
se
ve
n
gi
ll
sh
ar
ks
sa
m
pl
ed
du
ri
ng
th
e
au
tu
m
n
/w
in
te
r
an
d
sp
ri
n
g/
su
m
m
er
se
as
on
s
P
ar
am
et
er
an
d
st
at
is
ti
c
Fe
m
al
es
M
al
es
A
ut
um
n
/w
in
te
r
Sp
ri
n
g/
su
m
m
er
A
ut
um
n
/w
in
te
r
Sp
ri
n
g/
su
m
m
er
T
L
(c
m
):
M
ea
n
5
SD
(n
)
22
7
5
18
(8
)
21
7
5
19
(4
1)
19
4
5
17
(8
)
19
6
5
11
(1
3)
M
ed
ia
n
(m
in
–
m
ax
)
22
8
(2
05
–
25
2)
21
9
(1
91
–
24
5)
18
8
(1
79
–
22
0)
(1
77
–
22
1)
W
B
C
(n
):
M
ea
n
5
SD
(n
)
23
1
5
11
3
(8
)
28
7
5
98
(3
2)
18
6
5
11
7
(5
)
23
5
5
10
8
(1
2)
M
ed
ia
n
(m
in
–
m
ax
)
18
3
(1
27
–
39
9)
28
3
(1
19
–
61
3)
15
4
(6
5–
37
7)
22
0
(6
5–
37
7)
Ly
m
(n
):
M
ea
n
5
SD
(n
)
17
6
5
77
(8
)
26
7
5
98
(3
1)
15
7
5
95
(5
)
21
0
5
10
0
(1
2)
M
ed
ia
n
(m
in
–
m
ax
)
15
9
(9
3–
27
2)
25
6
(1
08
–
58
8)
13
7
(4
7–
30
5)
18
7
(8
4–
42
4)
H
et
(n
):
M
ea
n
5
SD
(n
)
23
5
18
(8
)
6
5
6
(3
1)
15
5
15
(5
)
5
5
5
(1
2)
M
ed
ia
n
(m
in
–
m
ax
)
14
(9
–
62
)
4
(0
–
23
)
14
(0
–
38
)
4
(0
–
14
)
E
os
(n
):
M
ea
n
5
SD
(n
)
31
5
30
(8
)
17
5
12
(3
1)
13
5
12
(5
)
16
5
13
(1
2)
M
ed
ia
n
(m
in
–
m
ax
)
17
(6
–
86
)
17
(0
–
44
)
8
(4
–
32
)
17
(0
–
37
)
N
eu
(n
):
M
ea
n
5
SD
(n
)
.2
5
.4
(8
)
.8
5
2.
4
(3
1)
.6
5
.8
(6
)
.4
5
.7
(1
2)
M
ed
ia
n
(m
in
–
m
ax
)
.0
(.
0–
1.
0)
.0
(.
0–
13
.1
)
.0
(.
0–
1.
9)
.0
(.
0–
1.
8)
M
on
(n
):
M
ea
n
5
SD
(n
)
.8
5
.9
(8
)
1.
8
5
3.
4
(3
1)
.2
5
.4
(5
)
.5
5
1.
2
(1
2)
M
ed
ia
n
(m
in
–
m
ax
)
.5
(.
0–
1.
8)
.0
(.
0–
16
.6
)
.0
(.
0–
.9
)
.0
(.
0–
4.
0)
28
B
A
(t
it
er
):
M
ea
n
5
SD
(n
)
7
5
1
(8
)
7
5
1
(3
6)
7
5
1
(7
)
7
5
2
(1
3)
M
ed
ia
n
(m
in
–
m
ax
)
7
(4
–
9)
7
(4
–
12
)
7
(6
–
8)
7
(3
–
9)
G
∶L
:
M
ea
n
5
SD
(n
)
.1
5
.1
(8
)
.0
3
5
.0
3
(3
9)
.1
5
.1
(8
)
.0
3
5
.0
4
(1
3)
M
ed
ia
n
(m
in
–
m
ax
)
.1
(.
1–
.2
)
.0
3
(.
0–
.1
1)
.1
(.
0–
.3
)
.0
(.
0–
.1
6)
H
tc
(%
):
M
ea
n
5
SD
(n
)
21
5
4
(7
)
19
5
3
(3
8)
22
5
4
(7
)
20
5
5
(1
2)
M
ed
ia
n
(m
in
–
m
ax
)
20
(1
4–
25
)
19
(1
1–
25
)
22
(1
5–
28
)
21
(1
0–
27
)
T
(n
g/
m
L)
:
M
ea
n
5
SD
(n
)
.6
5
.3
(8
)
.7
5
.2
(4
1)
7.
0
5
2.
1
(7
)
11
.3
5
5.
1
(1
2)
M
ed
ia
n
(m
in
–
m
ax
)
.3
(.
3–
1.
2)
.6
(.
2–
1.
1)
7.
6
(4
.4
–
9.
9)
11
.7
(.
6–
20
.8
)
E
2
(n
g/
m
L)
:
M
ea
n
5
SD
(n
)
2.
7
5
1.
5
(8
)
3.
2
5
1.
3
(4
1)
.9
5
.6
(7
)
2.
0
5
1.
1
(1
2)
M
ed
ia
n
(m
in
–
m
ax
)
2.
2
(.
8–
5.
5)
3.
3
(1
.0
–
6.
7)
.8
(.
2–
2.
0)
1.
8
(.
4–
4.
3)
P
4
(n
g/
m
L)
:
M
ea
n
5
SD
(n
)
3.
1
5
2.
5
(8
)
2.
6
5
2.
0
(4
1)
3.
7
5
2.
6
(7
)
3.
2
5
2.
1
(1
2)
M
ed
ia
n
(m
in
–
m
ax
)
2.
2
(.
2–
8.
7)
1.
9
(.
2–
10
.5
)
2.
4
(.
9–
7.
9)
2.
7
(.
2–
7.
1)
N
ot
e.
B
A
p
ba
ct
er
ia
la
gg
lu
ti
n
at
io
n
;E
2
p
es
tr
ad
io
l;
E
os
p
eo
si
n
op
hi
ls
;G
∶L
p
gr
an
ul
oc
yt
e
to
ly
m
ph
oc
yt
e
ra
ti
o;
H
et
p
he
te
ro
ph
ils
;H
tc
p
he
m
at
oc
ri
t;
Ly
m
p
ly
m
p
ho
cy
te
s;
m
ax
p
m
ax
im
um
;m
in
p
m
in
im
um
;M
on
p
m
on
oc
yt
es
;n
p
ce
lls
in
10
co
n
se
cu
ti
ve
#
40
0
m
on
ol
ay
er
ﬁ
el
ds
;N
eu
p
ne
ut
ro
ph
ils
;P
4
p
pr
og
es
te
ro
n
e;
T
p
te
st
os
te
ro
ne
;T
L
p
to
ta
lb
od
y
le
n
gt
h;
W
B
C
p
w
hi
te
bl
oo
d
ce
ll
co
un
t.
29
temperatures). These differences in leukocyte numbers were
reﬂected in the higher G∶L ratio observed in sharks during the
autumn/winter season. Low peripheral lymphocyte counts
have been related to poor individual condition, immuno-
suppression, or poor immunological investment (Beldomé-
nico et al. 2008), whereas high counts of heterophils have been
related to ongoing infection, disease, and/or other stressful
conditions (Beldoménico et al. 2008; Semeniuk et al. 2009).
Thus, the observed seasonal pattern for sharks could be ex-
plained as (1) greater levels of stress based on the G∶L ratio,
(2) a sign of immunosuppression or depressed immune in-
vestment based on the low lymphocyte counts, and/or (3) a
sign of ongoing infection based on the high heterophil counts
in the colder seasons with respect to the warmer ones. Since
the total number of leukocytes (total WBC) did not differ sig-
niﬁcantly between seasons, changes in lymphocyte and het-
erophil numbers could be indicative of immuno-redistribution,
an alteration in leukocyte “trafﬁcking” between peripheral
blood and other body compartments (Dhabhar et al. 1994,
1995). In addition, this result could be in line with the notion
that while acquired components are usually depressed by lower
temperatures, some innate components might increase to offset
this reduction (Le Morvan 1998). Nevertheless, other measures
of acquired immunity are needed to evaluate this hypothesis.
Our results in free-living sharks parallel studies in wild and
farmed teleost ﬁsh that have demonstrated seasonal changes
in circulating leukocyte counts in peripheral blood (Álvarez
et al. 1998; Tort and Rovira 1998, 2011; Rohlenová et al. 2011).
In particular, patterns of lower lymphocyte numbers during
the winter have been documented for numerous species, in-
cluding sea breams (Sparus aurata; Tort and Rovira 1998),
common carps (Cyprinus carpio; Rohlenová et al. 2011), and
several trout species (Álvarez et al. 1998; Papezíkova et al.
2016). Furthermore, studies in commercially important teleost
ﬁsh (catﬁsh: Ictalurus punctatus; sockeye salmon: Oncorhynchus
nerka; common carp: C. carpio) have experimentally demon-
strated the negative effect of cold water temperatures (within the
natural ranges for each species) on lymphocyte numbers (Ains-
worth et al. 1991; LeMorvan et al. 1998; Alcorn et al. 2002; Aman
and Khan 2016) and function (reviewed by Bly and Clem 1992),
which have been linked to disease outbreaks (Quiniou et al. 1998;
Tort et al. 1998).
In addition to the leukocyte proﬁle, we assessed an im-
portant humoral aspect of innate immunity of sharks using a
bacterial agglutination assay. Our results showed no effect of
season on bacterial agglutination titers, indicating that sea-
sonality does not appear to have an impact on this measure,
which reﬂects the constitutive function of natural antibodies
and other agglutinins present in plasma. Among the few
studies that have assessed the seasonality of bacterial agglu-
tination in teleost ﬁsh, Swain et al. (2007) reported no dif-
ferences in bacterial agglutination titers between the summer
and winter seasons in Indian major carp Labeo rohita, al-
though they did ﬁnd signiﬁcantly higher titers in the rainy
season (reproductive period). Similarly, higher bacterial ag-
glutination titers have been found in wild Patagonian rockﬁsh
(Sebastes oculatus) during the winter season (reproductive
period) than in the summer season (nonreproductive period;
Sueiro and Palacios 2016), suggesting a positive inﬂuence of
reproductive status on this parameter and not supporting the
idea of a reproductive trade-off. On the other hand, studies on
teleost immunoglobulin M concentrations in serum (pre-
sumably representing natural antibodies) do not show con-
sistent seasonal patterns across species, speciﬁc locations, and/
or sexes (e.g., Klesius 1990; Kortet et al. 2003; Vainikka et al.
2004; Rohlenová et al. 2011).
Table 3: General linear model for immunological and health-
state parameters of adult female and male broadnose sevengill
sharks sampled during the autumn/winter and spring/
summer seasons
Parameter and factor Test P
WBC:
Season F1, 56 p 1.66 .202
Sex F1, 56 p 14.42 !.001
Season # sex F1, 56 p .05 .825
Covariate TL F1, 56 p 23.16 !.001
Lym:
Season F1, 56 p 4.41 .040
Sex F1, 56 p 12.87 .010
Season # sex F1, 56 p .09 .764
Covariate TL F1, 56 p 24.94 !.001
Het:
Season F1, 56 p 17.72 !.001
Sex F1, 56 p 1.92 .171
Season # sex F1, 56 p 1.41 .240
Covariate TL F1, 56 p .02 .891
Eos:
Season F1, 56 p .20 .660
Sex F1, 56 p 3.636 .062
Season # sex F1, 56 p .596 .444
Covariate TL F1, 56 p 5.613 .022
BA:
Season F1, 59 p .04 .851
Sex F1, 59 p .37 .544
Season # sex F1, 59 p .40 .527
Covariate TL F1, 59 p .59 .444
Htc:
Season F1, 59 p 2.92 .093
Sex F1, 59 p .95 .335
Season # sex F1, 59 p .01 .934
Covariate TL F1, 59 p .04 .847
G∶L:
Season F1, 63 p 33.99 !.001
Sex F1, 63 p .00 .987
Season # sex F1, 63 p .43 .514
Covariate TL F1, 63 p .761 .386
Note. Heterophils (Het), eosinophils (Eos), and granulocyte to lymphocyte
ratio (G∶L) were arcsine–square root transformed before analysis. BA p
bacterial agglutination; Htc p hematocrit; Lym p lymphocytes; TL p total
body length; WBCp white blood cell count. Signiﬁcant P values are shown in
boldface.
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To our knowledge, only three previous studies in two
different species have evaluated and reported a seasonal in-
ﬂuence on aspects of immune function in cartilaginous ﬁsh.
Atlantic sharpnose sharks (Rhizoporionodon terraenovae) sam-
pled in summer and fall in Charleston, South Carolina, displayed
higher levels of C-reactive protein, a biomarker of acute in-
ﬂammation (Karsten and Rice 2004), and lower IgM concen-
trations (Karsten and Rice 2006) during summer (mating season
and parturition) than fall (nonreproductive season), which the
authors associated with a more energetically demanding and
stressful summer season. On the other hand, female skates
(Leucoraja erinacea) from Narragansett Bay, Rhode Island,
showed an interaction between reproductive status and sea-
sonality on in vitro proliferation of epigonal leukocytes (Lut-
ton and Callard 2008). In this species, in which reproduction
peaks in midsummer and midwinter, proliferation responses
of reproductively active females were always higher than those
of nonreproductive females and did not vary seasonally. In
contrast, responses of non–reproductively active females were
greater during winter (approaching the levels of reproductively
Figure 1. Boxplots of immune and general-health parameters of adult female and male broadnose sevengill sharks in the autumn/winter and
spring/summer seasons. Signiﬁcant effects, as evaluated by models in table 3, are shown with asterisks (one asterisk indicates that P ! 0.05; two
asterisks indicates that P ! 0.01). Boxplots depict medians (horizontal lines inside boxes), means (plus signs), 25th and 75th percentiles (edges
of boxes), 10th and 90th percentiles (whiskers), and outlying points included in the analyses (dots). B, Partial regression plot of signiﬁcant
correlation between total white blood cell counts (WBC) and total body length. G∶Lp granulocyte to lymphocyte ratio; np number of cells
in 10 consecutive #400 monolayer ﬁelds.
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active females) compared to spring, summer, and fall (Lutton
and Callard 2008). These results, together with those from our
study, indicate that some immune functions of cartilaginous ﬁsh
can be inﬂuenced by seasonality, as it has been more extensively
studied in the remaining vertebrate groups.
Reproductive hormone levels of male sharks showed some
evidence of seasonal variation, with E2 and T levels tending
to be higher during spring/summer, their active reproductive
period, than autumn/winter. On the other hand, reproductive
hormone levels of female sharks varied widely within spring/
summer and autumn/winter, resulting in no clear seasonal
patterns. The latter could be related to the biennial repro-
ductive cycle of females. During spring/summer, individual
females can be either ready to ovulate, in ﬁnal stages of ges-
tation, or in postparturition, whereas during autumn/winter
they can be in early stages of follicular development or gestating
(Awruch et al. 2014). Immune and health-related parameters
were mostly independent of reproductive hormone concentra-
tions at the individual level, a result similar to that documented
for a free-living teleost ﬁsh (Vainikka et al. 2004). Only three
correlations between an immune parameter and a reproductive
hormone were signiﬁcant in broadnose sevengill sharks. Two
positive associations were detected for male sharks, one between
testosterone levels and total leukocyte counts and the other
between progesterone levels and G∶L ratios during autumn/
winter. On the other hand, only one negative association be-
tween testosterone levels and lymphocyte counts during spring/
summer was found for females. The latter could be seen as
consistent with an immunosuppressive effect of testosterone on
adaptive immunity of females during the reproductive period;
however, this interpretation is unclear at present given the
poorly understood role of female androgens in shark repro-
duction (Awruch et al. 2014). Overall, this study provides little
support for a trade-off between immunity and reproduction in
this system.
Several authors have reported seasonal aggregations of No-
torynchus cepedianus in bay environments around the world in
relation to feeding and mating activities (e.g., Ebert 1989; Lu-
Table 4: General linear model for reproductive hormone levels of adult female and male broadnose
sevengill sharks sampled during the autumn/winter and spring/summer seasons
Parameter and factor
Females Males
Test P Test P
E2:
Season F1, 48 p 1.41 .241 F1, 18 p 4.69 .046
Covariate TL F1, 48 p .56 .459 F1, 18 p .15 .704
P4:
Season F1, 48 p .13 .721 F1, 18 p .19 .672
Covariate TL F1, 48 p .68 .413 F1, 18 p .01 .927
T:
Season F1, 48 p 2.05 .159 F1, 18 p 3.72 .072
Covariate TL F1, 48 p .98 .327 F1, 18 p .01 .940
Note. E2 p estradiol; P4 p progesterone; T p testosterone; TL p total body length. Signiﬁcant P values are shown in
boldface.
Figure 2. Boxplots of reproductive hormone levels of adult female and
male broadnose sevengill sharks in the autumn/winter and spring/
summer seasons. The P values of signiﬁcant and marginal effects (P
values ranging from 0.05 to 0.1), as evaluated by models in table 4, are
shown in the panels. Boxplots depict medians (horizontal lines inside
boxes), means (plus signs), 25th and 75th percentiles (edges of boxes),
10th and 90th percentiles (whiskers), and outlying points included in
the analyses (dots).
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cifora et al. 2005; Barnett et al. 2010; Williams et al. 2012; de
Necker 2017). In this respect, it is remarkable that the repro-
ductive season of the species in the study area is coupled with
an intense foraging activity (Irigoyen et al. 2018). The avail-
ability of a high-quality nutrition source (elephant seal pups)
during the active reproductive season could help explain the
general absence of reproductive trade-offs with immune
function observed in our study.
In summary, our study contributes to ﬁlling the present gap
in information regarding seasonal variation in immunity in
cartilaginous ﬁsh. Some, but not all, immune defense com-
ponents measured were dependent on seasonal variability in
broadnose sevengill sharks. This seasonal variation is po-
tentially related to changes in abiotic environmental condi-
tions such as water temperature and photoperiod, although
other factors such as availability of high-quality food may play
a part. Furthermore, male and female sharks did not differ in
most of the parameters measured and showed similar seasonal
patterns. Data on immunological and health-related param-
eters of the broadnose sevengill sharks collected in this study
can be considered as reference values for the species. Future
studies in this and other chondrichthyans, including diverse
measures of immune function and parasite loads, are needed
to better understand seasonal patterns and the underlying
factors driving seasonal variation in immunity of this group.
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APPENDIX
Table A1: Descriptive statistics of total body length, immunological and health-state
parameters, and reproductive hormone levels measured in immature broadnose
sevengill sharks sampled during the autumn/winter and spring/summer seasons
Parameter and statistic Females (n p 10) Males (n p 3)
TL (cm):
Mean 5 SD 172 5 10 171 5 3
Median (min–max) 176 (156–182) 172 (168–174)
Lym (%):
Mean 5 SD 85 5 8 89 5 4
Median (min–max) 86 (71–94) 89 (84–93)
Het (%):
Mean 5 SD 3 5 2 6 5 5
Median (min–max) 3 (1–6) 3 (3–12)
Eos (%):
Mean 5 SD 12 5 7 5 5 2
Median (min–max) 12 (3–24) 5 (4–8)
Neu (%):
Mean 5 SD 1 5 1 0
Median (min–max) 1 (0–3)
Mon (%):
Mean 5 SD 1 5 1 .2 5 .3
Median (min–max) 1 (0–3) .0 (.0–.5)
BA (titer):
Mean 5 SD 6 5 2 5 5 2
Median (min–max) 7 (3–9) 6 (4–7)
G∶L:
Mean 5 SD .04 5 .03 .07 5 .06
Median (min–max) .04 (.00–.08) .03 (.03–.14)
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Table A1 (Continued )
Parameter and statistic Females (n p 10) Males (n p 3)
Htc (%):
Mean 5 SD 19 5 2 17 5 1
Median (min–max) 19 (16–22) 17 (17–18)
T (ng/mL):
Mean 5 SD .5 5 .1 8.9 5 4.5
Median (min–max) .5 (.3–.7) 6.9 (5.7–14.2)
E2 (ng/mL):
Mean 5 SD 2.4 5 .8 2.3 5 .6
Median (min–max) 2.4 (1.2–4.0) 2.6 (1.6–2.7)
P4 (ng/mL):
Mean 5 SD 1.9 5 1.2 2.1 5 .1
Median (min–max) 1.7 (.2–3.9) 2.1 (1.9–2.2)
Note. BAp bacterial agglutination; E2p estradiol; Eosp eosinophils; G∶Lp granulocyte to lymphocyte
ratio; Het p heterophils; Htc p hematocrit; Lym p lymphocytes; max p maximum; min p minimum;
Monp monocytes; Neup neutrophils; P4p progesterone; Tp testosterone; TLp total body length.
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